Abstract. The 
INTRODUCTION
Metallic multilayered structures can be created in thin metal sheets using a technology of surface severe plastic deformation (S 2 PD) such as accumulative roll bonding (ARB) [1] , ultrasonic shot peening (USSP) [2] , surface severe plastic deformation under friction (SPDF) [3] , surface mechanical grinding treatment (SMGT) [4] , high-energy shot peening (HESP) [5, 6] , surface mechanical attrition treatment (SMAT) [7] .
Metallic multilayers structures exhibit a very pronounced size effect where the mechanical strength depends on the layer thickness. Using S 2 PD nanocrystalline layers in the surface of various materials, such as alloys with a face centered cubic (FCC) structure (Al alloy [1] [2] [3] ), alloys with a hexagonal close-packed HCP structure (magnesium and alpha-titanium alloys [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ), and alloys with a body centered cubic (BCC) structure (stainless steel [7] ) have been successfully produced.
In recent years, the microstructures and properties of surface layer were systematically investigated in various S 2 PD metals and alloys, including BCC, FCC and HCP crystal structures [14] .
It was found that as a result S 2 PD on the surface of the bulky body are formed with surface layers of NC and UFG structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The fields of residual stresses are formed in the surface layers of bodies [15] [16] [17] . The magnitude and sign of residual stress change with increasing distance from the surface.
Generally, compressive stresses reach their maximum at distances ~50-60 μm from the surface. Compressive residual stresses decrease with increase in distance from the surface and change the sign.
Authors [2] [3] [4] [5] [6] [7] [8] [9] [10] have shown that compressive stresses in plates subjected to S 2 PD operate in the near-surface layer with a thickness of 200-500 μm. Distribution of grain sizes in the layers and residual stresses in thin metal sheets influences on the strength, the fatigue strength and the strain to fracture [18] [19] .
Guo and co-workers [7] have shown that nanograined interface layer (NGIL) can enhance the ductility of the co-rolled surface mechanical attrition treatment (SMAT) 304 stainless steel (SS), but the ductility will not increase if the NGIL thickness goes beyond 60 μm.
Liu and co-workers [5] have shown that the nanostructured surface layers can be created by using a high-energy shot peening on the low carbon steel. The average grain size in the surface layer can be as small as tens of nanometers, and gradually increases with the distance from the surface.
The yield strength was found to be significantly enhanced without considerable degradation in the ductility and the toughness. Yang and coworkers [6] have shown that rolling or shot-peening of titanium alloys induces growth of the residual stress at the surface layers. Stress concentrations grow at the interface between ultrafine-grained (UFG), nano-grained (NG) and coarse-grained (CG ) layers with increasing deformation.
Results of researches testify that reduction in the size of grain of aluminum, magnesium, and titanium alloys causes enhanced strength and ductility under quasi-static loading conditions [18, 19] . It was revealed that grains of nanostructured (NS) and ultrafine-grained (UFG) alloys have size distributions. The yield strength and strength under compression and tension, elongation to fracture of light alloys depends on the grain size distribution.
Features of deformation and fracture of thin metal sheets after treated by with S 2 PD are defined by shear bands formation, nucleation and growth of damages, coalescence damages under formation of mesoscale and macroscale cracks.
Mechanisms of fracture of light metal sheets with distribution of grain sizes in the surface layers are poorly investigated. We present computational model and results of numerical simulation of damaging and fracture of aluminium and magnesium thin sheets with distribution of grain sizes in the surface layers under dynamic loading.
CONSTITUTIVE MODEL
The multilevel computer simulation method was used for numerical research on damage and fracture of thin sheet of aluminium, magnesium, titanium alloys with NGIL and UFG layers [20, 21] . Figure 1 .a shows the variation of grain size with depth of surface layer of aluminum alloy 7075 after USSP [2] .
Model layered structure thin metal sheet was created using the experimental data on grains structures. Mechanical behavior of thin metal sheet with distribution of grain sizes in the surface layer was simulated under axial tension and compression at high strain rates. 3D model of the elementary volume was used for simulation of deformation and damage. The 3-D volume dimension of 1000 x 100 x 100 μm includes nanocrystalline and ultra-fine grained volumes of surface layers, coarse grained volume with a residual stress.
In the model, the second volume of the surface layer, which is formed in alloys of aluminum, magnesium and titanium as a result of S 2 PD was considered. This layer is limited to the surfaces S 3 and S 4 . The second layer has a thickness of ~ 100−200 μm and composed of grains having an unimodal or bimodal distribution of grain size. In this work it was assumed that the size distribution of grains is the unimodal with an average size of ~ 800 nm. The second layer is limited to the surfaces S 4 and S 5 . Figure 1 .b shows the characteristic change of the residual stresses near the surface of metal alloys after SMAT [15, 16] . The surface S 6 in the model correspond to the boundary on which the residual stresses close to zero. It was assumed that S 6 is at a distance of ~350 µm from the plate surface.
Mechanical behavior of structured volume is described using the approach to damaged elastic-plastic medium [15] . Smooth particles hydrodynamic (SPH) method was used for the numerical simulation [22] .
The scheme of boundary conditions is shown in Fig. 2 . The boundary conditions were written in the form:
where u k are components of particle velocity vector, t is time, x k are Cartesian coordinates.
It was assumed that there is no slip between the layers of the grain structure.
Initial condition describes the distribution of the residual stress and the residual strain:
where Ω is the elementary volume, 36 SS   is the volume in which there are residual stresses.
Kinematics of medium was described by the local strain rate tensor:
where ij  are components of the strain rate tensor, u i are components of particles velocity vector, i  is Hamilton operator.
Components of strain rate tensor are expressed by sum of elastic and inelastic terms:
where e ij  are components of the elastic strain rate tensor, n ij  are components of the inelastic strain rate tensor.
Dynamics of volume is described in Lagrange coordinate system by mass conservation, momentum conservation and energy conservation equations:
where σ ij are components of stress tensor, ρ is the mass density, u i are components of particles velocity vector, ε ij is components of strain rate tensor, E is the specific internal energy per unit mass. The bulk inelastic strain rate is described by relation:
where D is the damage parameter, the substantial time derivative is denoted via dot notation. Damage accumulation during inelastic deformation of UFG metals leads to limited ductility of metal sheet with hardened surface layers. The local damage parameter D is introduced in the form:
where
 is the threshold of inelastic strain, t f .is the time before local fracture.
For material particle the local failure criterion is written in the form:
When using SPH, numerical method criterion (8) determines the loss in strength of the damaged material in the particle [20] .
Local fracture criterion (8) was used for NC and UFG light alloys at the room and elevated temperatures owing to relatively low melting temperature of light alloys. The melting temperature of aluminum and magnesium alloys is equal to~ 900 K.
Phenomenological relations (9) were used for calculation of the threshold inelastic strain n f  :
where CG f  is a strain to fracture for coarse grained material, х corresponds to
x 0, x are material constants, T*=σ sp /P HEL , P*=p/P HEL , P HEL is the pressure corresponding to the Hugoniot Elastic Limit, D1, D2 are material constants.
The threshold inelastic strain corresponds to the strain at fracture under quasistatic loading. Figure 3 shows the dependence of normalized values of the strain at fracture versus the inverse square root of the average grain size. The ductility of UFG light alloys increases when a relative part of coarse grains in volume is decreased. The dependence of the strain to fracture on specific volume of coarse grains in UFG Al-Mg alloy with a bimodal grain sizes distribution described by the relation [20, 22] :
where D 1 is the strain to fracture under quasi-static tension, C cg is the specific volume of coarse grain size of light alloys.
The criterion (8) defines a local destruction of material particles. The process of damage and fracture at a higher structural level is considered as the formation of a spatial cluster of damaged particles in an elementary volume. When using the SPH method for the numerical simulation of deformation and fracture of a model volume of plates cracking is described using the spatial formation of clusters of particles with broken bonds with neighbouring particles. The particles belonging to a given cluster is determined by the condition:
where  r is the distance between neighbouring particles α and β, L is the parameter close to the particle sizes, Damage accumulation in sheets of aluminum alloy Al 7075 and magnesium Ma2-1 (this is analog to AZ31 magnesium alloy) with strengthened layers under tension-compression was simulated. Numerical method was discussed in [22] . Under tension damages nucleate within the NC and UFG layers and on the boundary between layers of coarse and ultra-fine grained material. These local damages lead to mesocracks formation. Cracks are oriented not only across, but also along the direction of tension of a plate. Meandering cracks formed in the layers where the non-homogeneous compressive residual stresses attended. Results of fracture simulation of thin aluminium and magnesium sheets with distribution of grain sizes in the surface layers agree with experimental data. Figure 5b shows the structure of the cross-sectional specimen of Al-0.6% Mg-0.4% Si alloy after 47 cycles of tension and compression. The thickness of specimen was equal to 1.5 mm. The UFG layers have been created by the ultrasonic peening on the both surfaces of specimen. The parts of specimen have been cut into sections after testing. The cross section was done at the distance of ~ 2 mm from surface of fracture. In the section of the specimen observed microcracks oriented along the direction of the sample. Surface cracks are parallel to the plane of the sheet at different distances. The first system of cracks was formed in the interface region between UFG and CG material as predicted the results of simulation. The second system of cracks is formed in the zone of maximum gradient of residual stress. Micro-voids were created in the NC layers.
RESULTS AND DISCUSSION
Fracture is a result of stochastic damage nucleation and growth. Structure heterogeneity may influence the random distribution of total plastic work over the model elementary volume. Therefore, fracture of fine-grained layer alloys with a bimodal grain size distribution under dynamic tension has probabilistic character.
The probability of microcracks nucleation within the material particles in layer with a grain size distribution can be described by the Eq. [18] :
where P r is the Weibull probability function, W p min is the minimal possible total plastic work per unit volume at microscale level, α and W p0 are constant parameters of the distribution. The damaged volume retains the resistance to plastic deformation during dynamic loading. Note that for the light alloys with bimodal grain size distributions, the ultrafine-grained volume can be considered as a quasi-brittle phase, in which the microcracks are generated during the plastic deformation while the macroscopic mechanical behavior exhibit good ductility. Thus, density of microcracks in the surface layer with grain size distribution can be written by Eq. (17) which is similar to Eq. referenced in [19] :
where N is the density of microcracks, N 0 is the saturation density of microcracks at formation of mesoscopic crack.
Mesocracks nucleated within the UFG volume and propagates through the coarse grained volume. The strain to fracture of thin metal sheets with UFG layers was calculated as average strain at which cracks cross the elementary volume. Figure 6 shows the calculated strain to fracture versus thickness of aluminum, magnesium and alpha-titanium sheets with surface UFG layers. Values of ε f at tension were calculated at room temperature and strain rates ~ 1 s -1 . The influence of surface nanostructured layers on the strain to fracture decreases with increasing thickness of the sheets. Since the thickness of the structured surface layers does not exceed 0.02-0.025 mm, the influence of layers on the resistance to plastic flow and the strain to fracture of metal sheet becomes insignificant when the thickness of the sheet more ~2.5 mm.
CONCLUSIONS
The multiscale computer simulation was used for the simulation of fracture of thin sheet of light alloys with distribution of grain sizes in the surface layers.
Fracture of fine-grained alloys under dynamic loading has probabilistic character and depends on parameters of structure heterogeneity. Formation of macro-scale failure zone is a result of several processes of structure evolution including damage nucleation, damage growth, and coalescence of damages. Damage nucleation is associated with strain localization at mesoscale level. Results of computer simulation demonstrate that the high strain localization in UFG alloys under dynamic loadings depends on the ratio between volume concentrations of fine and coarse grains. Fine precipitates in alloys not only affect the hardening but also lead to change the influence of the grains size distribution on volume concentration of shear bands. The dynamic ductility of UFG light alloys is increased when specific volume of coarse grains is greater than 30 %. Results of computer simulation can be used for estimation of grains size distribution influence on the dynamic strength and ductility of UFG alloys processed by severe plastic deformation methods.
